In this work we demonstrate experimentally the dependence of InSb crystal structure on the ratio of Sb to In atoms at the growth front. Epitaxial InSb wires are grown by a self-seeded particle assisted growth technique on several different III-V substrates. Detailed investigations of growth parameters and post-growth energy dispersive x-ray spectroscopy indicate that the seed particles initially consist of In and incorporate up to 20 atomic % Sb during growth. By applying this technique we demonstrate the formation of zinc blende, 4H and wurtzite structure in the InSb wires (identified by transmission electron microscopy and synchrotron x-ray diffraction), and correlate this sequential change in crystal structure to the increasing Sb/In ratio at the particle-wire interface. The low ionicity of InSb and the large diameter of the wire structures studied in this work are entirely outside the parameters for which polytype formation is predicted by current models of particle seeded wire growth, suggesting that the V/III ratio at the interface determines crystal structure in a manner well beyond current understanding. These results therefore provide important insight into the relationship between the particle composition and the crystal structure, and demonstrate the potential to selectively tune the crystal structure in other III-V compound materials as well.
Introduction
Semiconductor nanowires represent promising candidates for electronic, optoelectronic, thermoelectric and sensor applications. III-V compound semiconductors exhibit several important properties, among them high electron mobilities, especially for those compounds with narrow direct band gaps. The possibility to grow rather defect-free III-V nanowires epitaxially on substrates with high lattice mismatch, in particular also on Si, opens intriguing avenues for hetero-integration of devices. So far, growth of several III-V compounds in the form of nanowires has been demonstrated, using either foreign seed particles such as Au, or by exploiting self-nucleated or selective area growth schemes. Extensive work has been presented in controlling the nucleation, diameter, length and crystal structure of III-V compound nanowires, primarily using Au seed particles [1, 2] . For future integration with Si, however, more investigations of Au-free growth techniques are required. The epitaxial growth of III-V compound nanowires quite often leads to the occurrence of different crystal structures, regardless of the stable bulk phase. While nitride nanowires, which are characterised by a high ionicity, grow preferentially in the hexagonal wurtzite phase, the arsenides with lower ionicity exhibit remarkable polytypism i.e. both hexagonal wurtzite and cubic zinc blende phases. Several factors which influence these structural changes have been discussed, such as wire diameter [3, 4] growth temperature [5] , supersaturation [6] , or doping and the ratio between the group V and group III compounds during growth. Uncontrolled polytypism is commonly reported in both Auseeded and Au-free growth techniques. Since wurtzite and zinc blende are predicted to have different band structures, uncontrolled structural mixing is clearly undesirable for devices; however controlled tuning of crystal structure may open up new possibilities for advanced applications [7] . For the present study we have chosen InSb, as this material has a very low ionicity [8] , and thus no "intrinsic driving force" towards the wurtzite structure exists. So far only few studies on one-dimensional growth of InSb exist. Epitaxial InSb nanowires with controlled morphology have been grown using Au seed particles. These nanowires were reported to exhibit single-crystalline zinc blende structure only [9, 10, 11, 12] . InSb nanowire growth without the use of foreign seed particles was reported in [13, 14, 15] . However, in these publications no systematic investigation of the influence of different growth parameters on e.g. the wire length and diameter, or the crystal structure was presented. Furthermore, epitaxial self-seeded InSb and GaSb nanowire growth have not yet been demonstrated. Here we report on the epitaxial growth of InSb wires on several III-V compound substrates seeded by In-rich liquid particles in which significant Sb is incorporated. We show that the crystal phase of these wires depends critically on the ratio of the Sb and In content within this particle, with pure zinc blende, pure wurtzite and 4H structure forming for specific Sb/In ranges. Since InSb has a low ionicity and the wires in this study have a relatively large diameter for epitaxial nanowires, the crystal structure results cannot be explained by current models. These results thus demonstrate the potential for crystal structure tuning well beyond currently anticipated limits, and provide input for phase control techniques for all III-V nanowire materials.
Results
For the growth of the InSb wires we adapted a method successfully demonstrated for the growth of InAs nanowires [16] , using a metal organic vapour phase epitaxy (MOVPE) system. Several III-V compounds were used as substrate materials, namely InAs, InP, GaAs, and GaP. Before loading the substrates into the reactor a ≈13Å thick SiO x (x ≈ 1) layer was deposited onto the single crystalline semiconductor substrate by thermal sublimation. The capped substrates were annealed in the growth reactor at a temperature of 580
• C for 1 min before initiating the growth at a growth temperature of 440
• C (unless otherwise stated). In a previous work we reported that such a SiO x layer forms openings when annealed at temperatures higher than 500
• C, those openings serve as mobility barriers for In particles and support self-seeded particle-assisted nanowire growth [17] . Once the growth temperature was reached, the precursors were activated simultaneously. Trimethylindium (TMI) and trimethylantimony (TMSb) were used for In and Sb, respectively. The molar fraction for TMI was set at 5.09×10 −6 and for TMSb was varied from 3.42×10 −5 to 4.51×10 −5 for wire growth. As carrier gas H 2 at a flow of 13000 ml/min was employed. The growth of the InSb wires was stopped by terminating the TMI supply; the samples were cooled under a constant TMSb flow. At a temperature of 300
• C also the TMSb flow was switched off. After a temperature lower than 200
• C was reached the samples were unloaded from the reactor. A density of ≈ 1 µm −2 of InSb wires, grown epitaxially oriented along the [111] direction of the substrate, was found on the samples, as shown in the scanning electron microscopy image (Figure 1 ). In order to determine the epitaxial relationship of the wires with repect to the substrate x-ray diffraction pole figure measurements were performed. As an example a pole figure measurement for InSb wires grown on an InAs (111)B substrate is shown in Figure 2 . From these pole figure measurements we can directly obtain the distribution of lattice directions and therefore test if the InSb wires grow epitaxially with respect to the substrat. In Figure 2 the pole figure shows the diffraction spots from InSb {111} lattice planes. Epitaxial wires maintaining the substrates inplane orientation were found, e.g. [112] InSb parallel [112] InAs . The spots indicated by TW result from rotationally twinned parts within the wires. Additional weak signals originating from twins in tilted directions were found too, similarly to previous investgations of Si and GaAs wires grown on Si substrates [18] . We associate these signals with the InSb crystallites grown in between the wires, since only twin defects around the [111] direction were found by transmission electron microscopy (TEM) investigation of the wires.
The analysis of x-ray diffraction (XRD) experiments allow us also to determine the orientation distribution of the wire lattice plane directions around with respect to the • sample tilt.
substrate orientations. To investigate this in detail the width of the (111) and (111) Bragg peaks was measured. The full width at half maximum (FWHM) of the (111) Bragg peak in the tilt direction and the FWHM of the (111) in the azimuthal direction were found to be 0.37 and 0.45 degree, respectively. As the width of the Bragg peaks of the wires is not only influenced by the orientation distribution but also by the size/thickness of the wires the width of the Bragg peaks represents an upper limit for the width of the orientation distribution. The wires have a typical aspect ratio in the range from 2.44 (10 min of growth) to 3.9 (80 min of growth). Thus wires with a length of ≈ 0.9 µm exhibit a diameter of ≈ 300 nm (40 min of growth, which is used if nothing else is stated). Figure 1 shows the growth results for the different substrate materials, namely InAs, InP, GaAs, and GaP, all with (111)B surface orientation. The lattice mismatch between these different substrates and InSb ranges from 6.49% to 15.87% InSb wire growth is possible on all these substrates regardless of mismatch.
The wire morphology shows three distinct features: (i) for some of the wires at their base, strong faceting is found with facets that are not parallel to the wire growth direction, resulting in a narrower wire diameter at the base, (ii) after a certain wire height, the wires exhibit a hexagonal cross section without any tapering and {011} side facets. (iii) a particle is found on top of the wires. For the characterisation of the role of the seed particle on the wire growth we performed post-growth energy dispersive x-ray spectroscopy (EDXS) on particles at the tips of InSb wires. In all cases the particles consisted primarily of In, but with considerable concentrations of Sb (up to 20 at. %). However, the linescan analysis of the chemical composition of the particles along the growth direction revealed a significant drop in the Sb concentration near the interface to the wires, see Figure 3 . This decrease seems to correspond to a Sb depletion of the seed particle at the end of growth, which occurs most probably during cooling of the wires down from growth temperature. The existence of this region suggests that the diffusion of Sb through the In at the end of the growth is fairly slow, as such a gradient would otherwise be smoothed out. Therefore, the Sb concentration away from this interface may be taken as roughly indicative of the Sb content in the In-Sb seed particle during growth. with an error of ±1%. In the particle both In and Sb are found, for details see the text. The particle itself is amorphous. At the interface between wire and particle a depletion of Sb is found.
In the discussion of the effect of Sb/In ratio on wire growth rate and morphology, we distinguish between the nominal Sb/In ratio, determined by the molar fractions of TMSb and TMI precursors, and the effective Sb/In ratio, determined by the concentration of Sb and In atoms at the growth front. The nominal Sb/In ratio was varied by changing the TMSb flow, while the TMI flow was set to a constant molar fraction of 5.09×10 −6 .
No significant effect of the nominal Sb/In ratio on either the axial or radial growth rate was observed in the TMSb/TMI range of 6.72 -8.85. At higher ratios (i.e. for 9.39) no wire growth is observed at all; instead, only crystallites are formed. This suggests that the seed particle either cannot form or cannot be maintained when the Sb flow is too high. The density of wires is also not affected by the nominal V/III ratio in an obvious way. At considerably lower nominal V/III ratios only In droplets are formed on the surface.
Wire growth was performed in the temperature range of 430 -450
• C. This range is limited on the one hand due to the relatively high temperature required for cracking of the TMSb precursor [19, 20] and on the other hand by the low melting point of InSb (527
• C). No growth is observed at 450
• C. This may be due to a significant increase in the cracking of the TMSb precursor, which leads to an increased effective V/III ratio, consistent with the report above. Crystal structure characterisation was performed using a JEOL-3000F field emission transmission electron microscope (TEM) operated at 300 kV in conventional TEM mode and in high-angle annular dark field (HAADF)-scanning TEM (STEM) mode. TEM images were recorded along the ⟨110⟩ zone axis (cubic notation) and compositions were determined using EDXS operated in HAADF-STEM mode. In addition to the TEM studies XRD was performed on the InSb wires at beamline D4 at Hasylab Hamburg, where a Rh mirror and a Ge(111) single crystal monochromator were used to provide a monochromatic x-ray beam with an energy of 8944 eV. A TEM analysis of single wires revealed a very interesting structure, see Figure 4 , related to the effective Sb/In ratio: All wires had zincblende (ZB) structure at their bottom part (100 nm or more), consistent with results previously reported for Au seeded InSb nanowires. However, at a certain distance from the substrate (depending on growth conditions), twin planes appeared in the wires. This was followed by a change to the wurtzite (WZ) crystal structure. The upper section of the longest wires had pure WZ structure without stacking defects. Finally, the very ends of the wires always had a thin ZB neck region. In addition, most wires exhibit short but significant segments of the 4H structure between the ZB and WZ segments, see Figure 4 (c). 4H is an intermediate structure between ZB and WZ, which follows the stacking sequence ABCBABCB. . . Although this structure has been reported theoretically to be thermodynamically favourable in nanowires, it has so far only been observed experimentally in GaAs nanowires [21] .
To confirm the presence of these three crystal structures in our InSb wires, XRD experiments were conducted for the sample grown at a nominal Sb/In ratio of 7.7. The different structures can be distinguished in XRD by a crystal truncation rod (CTR) scan at an asymmetric Bragg reflection, where the diffracted Bragg intensity from planes inclined with respect to the (111) substrate surface is recorded. Scattering from planes parallel to the substrate surface is not sensitive to the different stacking sequences of ZB, WZ, and 4H, because they have very similar lattice plane spacing along of an In and an Sb atom along the [111] direction) distance varies when the structure is changed, which has shown to only slightly change the lattice spacing [18] . By scanning along a CTR at an asymmetric reflection one is sensitive to the stacking sequences due to the different unit cell sizes the different structures diffract at different positions. In Figure 4 (d) such a CTR scan through the InSb (331) reflection, measured in coplanar scattering geometry, is shown. Peaks associated with the 4H phase together with more intense peaks which originate from the ZB and WZ phase were observed. The WZ and 4H phases show slightly increased lattice plane spacing in [111] direction as compared to the ZB phase. The intensity of the peaks in the CTR scan scales with the structure factor and the amount of scattering material. The lower intensity of the 4H peaks is therefore in agreement with the TEM results, where the 4H segments were found to be shorter in length than the WZ and ZB segments. In contrast to TEM experiments for which the wires are placed on a lacey carbon Cu-grid by mechanical transfer, the XRD was performed using as-grown samples, therefore the scattering signal from all structures on the sample is recorded, including surface and island growth as seen in the SEM image of Figure 1. 
Discussion
While the WZ structure is commonly observed in nanowires of many other III-V compounds, and in fact it is common even in materials which do not exhibit WZ structure in their bulk form (such as InAs). For antimonide nanowires the WZ structure has not previously been reported. The appearance of WZ structure was considered to be linked to the high surface area [4] , and several theories and models have been developed to explain this phenomenon [3, 6] . However, to date antimonide nanowires (InSb and GaSb) have been the exception among III-V materials, and so far all reports have reported perfect ZB nanowires free of stacking defects [9, 10, 22, 11, 12] , except for GaAsSb nanowires [23] . Several explanations have been proposed for the absence of twin planes, stacking faults and WZ phase in previous reports on III-antimonide nanowires. It is often noted that the ionicity of the III-V compounds affects the relative energy of ZB versus WZ stacking: nitride materials have the highest ionicity of III-V materials and exhibit WZ phase in their bulk form, while other III-V compounds, lower in ionicity, exhibit the stable ZB structure as in bulk materials. Antimonides have the lowest ionicity among the III-V compounds and this fact has been related to the absence of WZ segments in antimonide wires. However, this explanation is unsatisfactory, since a closer look at reported ionicity values [8] indicates that the value for InSb is only slightly lower than for GaAs, and GaAs nanowires typically do exhibit stacking defects and often even WZ phase segments. A further explanation for the absence of the WZ phase is that the InSb nanowire diameters reported to date are too large to show the change to the WZ phase. It has been demonstrated that the appearance of WZ phase in nanowires is diameter-dependent, with a cross-over diameter (below which WZ dominates over ZB structure) characteristic for each material [3] . Thermodynamic models indicate that the antimonides should have the smallest cross-over diameter of all III-V compounds, possibly around 10 nm [5] . However, although nanowires of other III-V compounds have been reported in this diameter range, antimonide nanowires with diameters below 25 nm have not yet been grown along the ⟨111⟩ directions [10] . According to some models a significant dependence of structure and cross-over diameter on growth conditions should exist, and it has been proposed that typical antimonide nanowire growth conditions do not allow for the WZ structure to be reached. Indeed the temperature window for growth of these materials is quite small, both due to the low decomposition temperatures of InSb and GaSb, and the relatively limited selection of Sb-containing precursor materials. In fact, for typical MOVPE growth conditions there is a very small parameter space where a reasonable supply of Sb can be obtained by thermal cracking of available precursors, while the temperature is still low enough, so that formation of InSb is thermodynamically favoured. It has been suggested that the achievable Sb flux gives too low supersaturation for stacking defects to form (with WZ normally being associated with high supersaturation in nanowire growth [24, 25] ). Our observation of stacking defects and WZ phase in InSb wires gives significant insight into the question of why these structures are usually not observed for InSb nanowires. It clearly rules out the suggestion that WZ antimonide materials are "impossible" to grow due to ionicity or other material parameters. As well, the very large diameter of the wires of our samples (200-300 nm) also rules out any effect of a small cross-over diameter compared to wire growth achieved so far. In fact, the large diameter suggests that appropriate growth conditions should be achievable for nanowires of any diameter. Consequently we suggest as the most probable scenario that the formation of WZ and 4H segments is entirely controlled by growth conditions. We first note that the growth temperature used here, and the metal-organic In and Sb precursor types and flows, are in the same range as for gold-seeded InSb nanowire growth [9, 10] . This shows that a sufficient Sb flux for WZ or 4H formation can be achieved using these parameters. The only difference between the growth mode reported here and earlier reports is that In-Sb particles are used as seeds rather than gold nanoparticles. This obviously gives a very different effective Sb/In ratio and supersaturation of growth materials at the particle-wire interface. An understanding of these parameters should give us insight into the conditions under which stacking defects and WZ phases form in InSb wires and consequently an indication for other III-V compounds. Therefore, we investigated in detail how the wires evolve with growth time. Wires were grown for times ranging from 5 to 80 minutes in order to determine the effect of growth time on wire length, diameter, density and structure (described below). Both length and diameter increase monotonously with growth time. For a growth duration of 10 min the wires have a diameter of 173±20 nm and a length of 421±50 nm, while for 80 min the diameter increases to 327±42 nm and the length to 1272±59 nm. EDXS performed on the In-Sb particles at the tops of the wires reveals a temporal dependence of their chemical composition. For wires grown for 40 minutes, an Sb concentration in the particle of up to 20 at. % was measured. Wires grown for 20 minutes had a typical maximum Sb composition of 7-8 at. %, while wires grown for 10 minutes had a maximum Sb composition of only 3-4 at. %. Examining the crystal structure of these wires as a function of growth time, it is possible to correlate this structure with the Sb composition of the particle. Wires grown for 40 minutes exhibited pure WZ structure at the end, except for the thin ZB neck region typically formed during cooling [26] . Examining the wires grown for 20 minutes, we see that the structure at the end contains numerous stacking defects (and in some cases a 4H phase); but typically no pure WZ phase is reached. Finally, wires grown for only 10 minutes had pure ZB structure. From that we see that while ZB formation may be associated with a low concentration of Sb (3-4 at. %) in the In-Sb particle, at intermediate concentrations (7) (8) at. %) a mixed structure forms, and for high Sb concentrations (≈20 at. %) the crystal structure changes to WZ. For long growth times (80 min), a shrinking or even the disappearance of the In-Sb particle at the wire tip is observed, see Figure 5 . As described above, with increasing growth time the Sb concentration in the seed particle increases, but no steady state seems to be reached. For the In -Sb system the only stable intermediate phase is stoichiometric InSb [27] . Thus it is reasonable to assume that for prolonged growth the Sb concentration in the particle increases until a concentration very close to 50 % Sb is reached, which leads to rapid crystallisation and hence "consumption" of the In-Sb particle: As the diffusion of Sb inside the particle is obviously a slow process, the seed particle gradually shrinks. This assumption is supported by the shrinking of diameter for wires grown for 80 min. It is quite reasonable to assume that In and Sb have different diffusion lengths on the substrate and on the wire side walls. The increase of the Sb concentration in the seed particle may indicate that In has a shorter diffusion length and that by increasing the wire length the effective Sb/In ratio increases within the particle, leading to the observed effect of its collapse. This fits also very well with the limit for wire growth for too-high nominal Sb/In ratios or too-high temperatures during growth, since both these conditions are expected to be related to a high effective Sb/In ratio in the growth particle, leading to crystallisation before wire growth can nucleate. In principle a change of the temperature at the particle wire interface with increasing wire length could influence nucleation conditions, however for the dimensions in our case no significant temperature drop is to be expected [28] . • . In the white circles, wires with "collapsing particles" are marked. A conical shape at the top can be seen, with a small particle at its end. In the extreme case the cone has a sharp tip and no particle can be found anymore. Untapered wires are found as well (blue circle). Right: The same set of wires is recorded in a top view. It can clearly be seen that all wires exhibit hexagonal cross-section. Furthermore both the particle and the wire diameter shrink, with the particle staying in the center of the wire.
While the determined ex-situ compositions needs not generally be identical to the in-situ compositions, for the reasons mentioned above, the ex-situ composition can certainly be used to compare conditions in the particle during growth (effective Sb/In ratio) and relate them to structure. This means that the increasing supersaturation in the In-Sb droplet drives the transition from ZB towards WZ in the growing wire. Comparing our results to gold-seeded InSb nanowire growth, we find that the precursor flows (molar fractions of 4.08×10 −5 for TMSb and 5.30×10 −6 for TMI, respectively), as well as the ratio between them are within precisely the same range normally used for Au-seeded nanowires [10] . Nevertheless, ex-situ EDXS analysis performed on Au-seeded InSb nanowires typically indicates a composition ration around 32:66:2 for Au:In:Sb [9] . Clearly it is very difficult to compare such compositions, and it is not at all clear how well this correlates to in-situ compositions, as both In and Sb compositions in the seed particle may decrease during cooling due to InSb growth. While from that we can not obtain quantitative numbers, the data suggest that the effective Sb/In ratio at the interface may be very low during typical gold-seeded InSb nanowire growth -resulting in pure ZB structure. This work demonstrates how the nanowire crystal phase can be controlled by the effective Sb/In ratio at the particle wire interface far beyond the predictions by current models. It demonstrates the necessity to study this effect also for other III-V nanowire systems and furthermore that there is a need for theoretical models describing the influence of the V/III ratio on the formation of nanowire crystal structure polytypes.
Conclusions
In conclusion, we have demonstrated [111] or [0001] oriented epitaxial growth of InSb wires using a self-seeded growth technique on several III-V compound substrates. These wires grow using self-assembled In particles, in which a substantial amount of Sb is dissolved to give a growth mode similar to vapor-liquid-solid phase epitaxy. These antimonide wires exhibit an unusual crystal structure with transitions from pure ZB at the beginning of growth to pure WZ at their end. This observation is most likely correlated with an increase of the Sb composition in the In-Sb seed particle, indicating that crystal structure in antimonide nanowires and most likely in most III-V compounds is strongly determined by the V/III element ratio at the particle-crystal interface. The results allow fundamental insight into the dependence of crystal structure on growth parameters showing that polytype formation in nanowire growth strongly depends on the V/III ratio at the growth front.
